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In a changing world, phytoplankton communities face a large variety of challenges including altered light regimes. These alterations are caused by more pronounced stratification due to rising temperatures, enhanced eutrophication, and browning of lakes. Community responses toward these effects can emerge as alterations in physiology, biomass, biochemical composition, or diversity. In this study, we addressed the combined effects of changes in light and nutrient conditions on community responses. In particular, we investigated how light intensity and variability under two nutrient conditions influence (1) fast responses such as adjustments in photosynthesis, (2) intermediate responses such as pigment adaptation and (3) slow responses such as changes in community biomass and species composition. Therefore, we exposed communities consisting of five phytoplankton species belonging to different taxonomic groups to two constant and two variable light intensity treatments combined with two levels of phosphorus supply. The tested phytoplankton communities exhibited increased fast reactions of photosynthetic processes to light variability and light intensity. The adjustment of their light harvesting mechanisms via community pigment composition was not affected by light intensity, variability, or nutrient supply. However, pigment specific effects of light intensity, light variability, and nutrient supply on the proportion of the respective pigments were detected. Biomass was positively affected by higher light intensity and nutrient concentrations while the direction of the effect of variability was modulated by light intensity. Light variability had a negative impact on biomass at low, but a positive impact at high light intensity. The effects on community composition were species specific. Generally, the proportion of green algae was higher under high light intensity, whereas the cyanobacterium performed better under low light conditions. In addition to that, the diatom and the cryptophyte performed better with high nutrient supply while the green algae as well as the cyanobacterium performed better at low nutrient conditions. This shows that light intensity, light variability, and nutrient supply interactively affect communities. Furthermore, the responses are highly species and pigment specific, thus to clarify the effects of climate change a deeper understanding of the effects of light variability and species interactions within communities is important.
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INTRODUCTION

In a world of climate change, phytoplankton communities face a large variety of challenges due to manifold changes. Rising temperatures, e.g., directly influence many physical and physiological processes (Hatt, 1983; Connelly et al., 2009; Gross-Wittke et al., 2010; Warren et al., 2012; Pachepsky et al., 2014; Havens et al., 2015; Huang and Chou, 2017). Besides these direct temperature effects on organisms, increasing temperature leads to a phenological shift, i.e., spring starts earlier and summer lasts longer (Stine et al., 2009). Temperate regions are strongly influenced by seasonality and thus are particularly affected by rising temperatures. Rising temperatures lead to shorter or no ice coverage and distinctly altered mixing regimes and periods, such as decreased length of spring vertical mixing followed by increased duration of summer stratification (Vincent, 2009; Wagner et al., 2013; IGB Dossier, 2018). Climate change is also accompanied by more common weather extremes, increased precipitation, and storm events. Higher precipitation is linked to increased terrestrial run-off, thus external inputs of light absorbing dissolved organic material as well as nutrients into lakes (de Wit et al., 2016; Deininger and Frigstad, 2019). More frequent storm events and changes in temperatures will affect the turbidity and biomass production and thus also the light availability. All these manifold changes influence light availability and heterogeneity. The heterogeneity in light conditions in aquatic systems may cause shifts in phytoplankton growth rates (Litchman, 1998), photosynthesis rates (Piccinin, 1976; Marra, 1978; Grobbelaar et al., 1992; Kroon et al., 1992), respiration rates (Beardall et al., 1994; Litchman, 1998), and biochemical composition (Gibson and Foy, 1988; Kroon et al., 1992; Ibelings et al., 1994). All these responses occur on different time scales, e.g., adjusting the electron transport rate (photosynthesis) within milliseconds, whereas building complex biochemical molecules can take several hours. Further, light fluctuations can occur not just seasonally and daily, but in shorter time scales, such as waves that focus light or clouds that shade the water. On one hand, even the shortest light fluctuations influence phytoplankton, as photosynthesis can react very rapidly to light changes (Dromgoole, 1988; Flameling and Kromkamp, 1997; Garcia-Mendoza et al., 2002; Dimier et al., 2009). On the other hand, slower fluctuations affect phytoplankton communities in their composition and diversity (Flöder et al., 2002; Flöder and Burns, 2005) and growth rates (Köhler et al., 2018). In phytoplankton composition changes with the annual succession of a lake, e.g., diatoms dominate in spring, green algae in summer (Salmaso, 2003). Nevertheless, individual species respond very specifically to light intensities and variability (Litchman, 2000; Garcia-Mendoza et al., 2002; Shatwell et al., 2012) and show distinct light reaction curves (unpublished Data). These species-specific responses to variability of resource availability in general evolved due to interspecific competition in a community leading to niche partitioning and coexistence (Litchman and Klausmeier, 2001). Competition, adaptation to different light intensities, and the resulting dominance of one species compared to other species might hold a positive effect for the inferior species. For example, a dominating species that can cope with high light intensities might reduce light stress for low light adapted species due to shading. In addition to light adaptation, species have different physiological properties, e.g., size and differential nutrient acquisition rates (Huisman and Weissing, 1995; Dickman et al., 2006; Kerimoglu et al., 2012). Competition within communities is driven by all these factors and thus low light adapted species might not be outcompeted by the high light specialist, if they are able to use nutrients in a more efficient way Thus, within a community different mechanisms can become relevant e.g., physiological plasticity for various light acclimation mechanisms. This could (if possible) be distinguished from the effects caused by phenotypic plasticity of individual species within a community and from the effects caused by species sorting. Competition always influences both, i.e., the physiological processes within the community, which can arise from interactions between light and/or nutrient acquisition. Here we addressed the combined interactions to understand the fundamental implications of all these effects in concert and to examine their relative effects. As different species in communities have a variety of traits, e.g., in utilizing nutrients or light, the species in communities will have different reactions and therefore may overall compensate for environmental variability. This compensation possibly takes place at different temporal scales, as e.g., photosynthesis is a fast response and biomass production a slow response. We hypothesize that (1) photosynthesis at shorter time scales, as well as, (2) pigment concentrations at intermediate time scales change due to light intensity, fluctuations, and nutrients. (3) Communities exposed to fluctuating light show similar slow responses as communities that were constantly exposed to the same mean light intensity. Finally, we hypothesize that (4) light intensity and fluctuations have a larger impact on a community than nutrient (Phosphorus, P) supply.

To test these hypotheses, we carried out laboratory experiments with communities consisting of five phytoplankton species, which were exposed to constant and variable light conditions at different intensities. We evaluated the electron transport rate as measure for the fast photosynthesis response to light changes, phytoplankton pigments concentrations as measure for light response at intermediate time scale, and phytoplankton biomass and community compositions as measure of long-term responses to different light intensities and fluctuations. To test if the nutrient availability influences these phytoplankton responses to light changes, we ran the experiment at high and low nutrient supply.



MATERIALS AND METHODS


Phytoplankton Cultures

Five freshwater phytoplankton species were used in this experiment. They were chosen based on taxonomic affiliation and specific traits such as differences in pigment composition, nutrient use, and size.

In detail we used the Cyanophyceae Synechococcus elongatus NÄGELI (Syn, SAG 89.79), the Chlorophyceae Acutodesmus obliquus (TURPIN) HEGEWALD et HANAGATA (Acu, SAG 276-3a), the Bacillariophyceae Stephanodiscus hantzschii GRUNOW (Ste, University of Constance), the Cryptophyceae Cryptomonas ovata EHRENBERG (Cry, SAG 979-3), and the Eustigmatophyceae Nannochloropsis limnetica KRIENITZ, HEPPERLE, STICH, WEILER, (Nan, SAG 18.99).

Every phytoplankton species was pre-cultured either in high P-supply (50 μmol P · L−1, in the form of K2HPO4) or low P-supply (5 μmol P · L−1) modified Woods Hole MBL medium (Nichols, 1973). To avoid a limitation by potassium in the cultures with a low P-supply, the final concentration of potassium was adjusted to 100 μmol · L−1 using potassium chloride. These P-supplies represent commonly found conditions in natural lakes.



Experimental Set Up

Different species pre-grown as monocultures under controlled laboratory conditions were combined to multi-species communities which were exposed to different P (high and low) and light conditions (constant and variable). Aliquots of the pre-cultures were used to inoculate the experimental phytoplankton communities with equal carbon (C) shares of each species. A total biomass concentration of 1.67 mg C · L−1 and 0.67 mg C · L−1 was established for cultures with high and low P-supply, respectively. Carbon concentrations were estimated using previously determined carbon-light equations based on the extinction at 800 nm (OD800). All experimental phytoplankton cultures were diluted once a day by exchanging 20 mL of the culture with fresh medium. If variable light conditions were applied as treatments (see below) cultures were diluted at the end of their low light phase and then placed into the high light chamber (0.067 d−1). The cultures were grown in triplicates, at 20°C in 500 mL Erlenmeyer flasks filled with a total volume of 300 mL.

Light treatments consisted of two different light intensities and light conditions (constant and variable). In general, light intensities and light condition treatments in this experiment were chosen based on the common light-optimum curve, going with increasing light intensities from below the compensation point (photosynthesis equals compensation) over a light optimum (highest growth/ photosynthesis) to light inhibition (decrease due to photo damage). The constant light intensities represent possible optimum and near inhibiting light intensities for some of the species (Gervais, 1997; Litchman, 2000). The variable treatments had the same mean light intensity as the constant light treatment, but the cultures were exposed to a combination of light intensities that were either near compensation point and optimum or optimum and inhibiting. The constant light intensities with a regular 12/12 h light/dark cycle were set to 105 or 195 μmol photons · m−2 · s−1 using different numbers of fluorescent tubes (FLUORA L30W / 77 and LUMILUX L30W / 830, warm white, Osram AG, München, Germany) and distances to the flasks. Additional darkening foils (neutral density foil filters, Lee Filters, Hampshire, England) were used if necessary. The light intensity was verified with a spherical light sensor (LI-1400 data logger; LI-COR Environmental GmbH, Bad Homburg, Germany, equipped with a 4π quantum sensor). Additionally, two variable light conditions were set up, in which phytoplankton communities were irradiated with the same average light intensities as communities exposed to constant light intensities. They were exposed to 3 h lower light intensity, 6 h higher light intensity, and again 3 h of the lower light intensity, which was each shifted by 90 μmol photons · m−2 · s−1 in one direction or the other from the mean light intensity. This cycle was followed by 12 h darkness (Supplementary Figure 1). Consequently, the variability range of the light intensity from low to high light in both variable light treatments was the same, but the mean light intensity was different. The cultures with a high P-supply were harvested after 6 days, whereas the cultures with a low P-supply after 8 days of exponential growth (Supplementary Figure 2). This way a large change in treatment light intensity due to high cell densities was avoided. Additionally low P-supply cultures were expected to grow slower and therefore needed more time to obtain sufficient biomass.



Rapid Light Reaction Curves

Rapid light reaction curves of each sample were recorded a day before harvesting using the Phytoplankton Analyzer (PhytoPAM, Walz GmbH, Effeltrich, Germany). For the variable treated cultures samples were taken at the end of the first low light intensity phase. 1.6 mL culture was placed in an all clear glass cuvette. The quantum yield as a reaction to ten different actinic light intensities (8, 32, 64, 128, 192, 256, 320, 384, 448, and 512 μmol photons · m−2 · s−1, with an exposure time of 20 s) was recorded. It represents a ratio of emitted and absorbed photons, which indicates photosynthetic efficiency. The electron transport rate (ETR), as an indicator for photosynthetic activity, was calculated from the product of the quantum yield, given by the PhytoPAM, and the amount of light emitted to the algae and the constants of 0.84 and 0.5 as optical cross section and light absorption coefficients, respectively (Consalvey et al., 2005; Kromkamp et al., 2008).

The ETR values were fitted against actinic light intensities of the PhytoPAM to interpolate the values for the specific experimental light intensities (Supplementary Figure 3) using the software package R version 3.4.4 (R Development Core Team, 2010). Although, the actinic light does not equal the experimental light conditions completely, due to different bandwidth, we assume the error to be quite similar, as we have used the interpolation for both light intensities in the same way. The ETR value was taken from the curve fit at the growth light intensity. Therefore, it represents the ETR activity of the community at the growth light intensity. The quantum yield of the cultures at growth light intensity was linearly interpolated based on the two light intensities that were higher and lower than the growth light intensity.



Chemical Analysis

Each phytoplankton culture was analyzed at the end of the experiment (harvesting) for particulate organic carbon (C) and pigments. For carbon analysis, aliquots of the algal suspensions were filtered onto 25 mm precombusted glass fiber filters (GF /F, Whatman, Dassel, Germany), dried at 50°C for 48 h and analyzed using an elemental analyzer (Euro EA 3000, HEKAtech GmbH, Wegberg, Germany). For pigment analysis, aliquots of the phytoplankton cultures were filtered onto 25 mm glass fiber filters (GF/F, Whatman), immediately frozen in liquid nitrogen and stored at −80°C. Pigments were extracted in the dark with 90 vol% ethanol on ice in an ultrasonic bath for 30 min and stored at 4°C overnight. Spectral scans were recorded in a 96 well-plate (Polystyrol, F-bottom type, Boettger, Bodenmais, Germany) in technical triplicates at a spectral absorbance between 300 and 800 nm in 1 nm steps (Synergy H1, BioTek Instruments, Winooski, VT, USA). These scans were fitted with a modified Gauss-peak-spectra analysis in R (R Development Core Team, 2010) according to Thrane et al. (2015). For further evaluation pigments were chosen or grouped according to Roy et al. (2011), which resulted in the following pigment parameters and sum parameters: chlorophyll a, b, c, chlorophyll decomposition products, and xanthophylls. These specific pigments were related to the total detected pigment content (called total pigment content hereafter), which resulted in proportions of pigments and pigment groups.



Community Composition

Phytoplankton species distribution in the communities, cell numbers, and biovolume of the phytoplankton cultures were determined, as during growth species experienced competition and therefore the community composition was expected to be unequal compared to the inoculation. For this, samples from the harvesting day were fixed with Lugol's iodine solution and phytoplankton cells were counted using an inverted light microscope (Thalheim Spezial Optik, Pulsnitz, Germany). The cyanobacterium was counted by epifluorescence microscopy (Axioskop 2, Carl Zeiss, Jena, Germany) under blue light (excitation: BP 450–490 nm; emission: BP 515–565 nm) after staining with acridin-orange (Merck, Darmstadt, Germany). Sizes of phytoplankton cells were measured and converted into biovolume according to Hillebrand et al. (1999). The community composition was calculated based on the cell numbers and biovolume.



Data Analysis

Effects of nutrient availability (high and low P-supply), average light intensity (105 or 195 μmol photons · m−2 · s−1), and light condition (constant or variable) on electron transport rate (ETR), pigment composition, biomass (Carbon concentration; C), and species composition were tested using three-way ANOVA.

All statistical analyses were carried out using the statistical software package R (R Development Core Team, 2010).




RESULTS

Different light intensities, light conditions, and nutrient supplies resulted in distinct responses at different temporal scales. Thereby, photosynthetic activity, pigment composition, and biomass and species composition reflect fast, intermediate, and slow responses.

The fast responding quantum yield and electron transport rate (ETR), used as indicator for photosynthetic efficiency and activity, respectively, were strongly affected by light intensity (Figure 1, Table 1). On one hand, the photosynthetic efficiency decreased at high light intensities (Figure 1A, Table 1). On the other hand, high light intensity and variability favored higher photosynthetic activity (Figure 1B, Table 1). Under low nutrient conditions, the quantum yield and the ETR were higher at variable light conditions at both light intensities (105 μmol photons · m−2 · s−1 and 195 μmol photons · m−2 · s−1) compared to constant light conditions (Figure 1, Table 1). Thus, the effect of nutrient concentrations differed between light levels and light conditions (indicated by the significant interaction of light intensity and nutrients as well as light conditions and nutrients, Figure 1).


[image: Figure 1]
FIGURE 1. Photosynthetic parameters of the communities: (A) the quantum yield indicating photosynthetic efficiency and (B) the electron transport rate (ETR) as a measure of photosynthetic activity. Communities were either cultivated under variable (triangles, dashed line) or constant (circles, solid line) light conditions. Mean values are shown for high (orange symbols and lines) and low (gray symbols and lines) nutrient supply and are displayed with ± standard error.



Table 1. ANOVA table for all factors (light intensity, light condition, and nutrient condition) including interactive effects conducted for all response variables.
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No significant effect due to any factor was seen at the intermediate response, while the total pigment per carbon (Figure 2A) tended to be lower at high light intensities. Considering specific pigments (examined as the proportion of total pigments), significant adjustments in pigments were observed (Figure 2, Table 1). Light conditions (variability) had a significant effect on chlorophyll a proportion (Table 1), resulting in a lower proportion of chlorophyll a under variable light conditions (Figure 2B). Chlorophyll b proportions were significantly higher under low P-supply and even higher at higher light intensity (Figure 2C). Light variability had a positive effect on the proportion of chlorophyll b under limiting nutrient conditions while the effect of light variability was negative (compared to constant conditions) under high nutrient conditions (indicated by the significant interaction term of light conditions and nutrients, Table 1). Chlorophyll c proportions strongly differed between nutrient levels (main effect for nutrients, Table 1) and under low nutrient conditions chlorophyll c proportions were almost zero (Figure 2D). High light intensity resulted in lower proportions of chlorophyll c compared to low light intensity under high nutrient conditions (light intensity and nutrient interaction, Table 1). Chlorophyll decomposition products were higher under variable light conditions, especially if the light intensity was high (Figure 2E, Table 1). This mirrors chlorophyll a, which was lowest under variable high light conditions. The proportion of xanthophyll was generally higher with high nutrient supply (Figure 2F, Table 1). While variable light conditions resulted in higher xanthophyll proportions with high nutrient supply, xanthophyll proportions were lower at variable light conditions when exposed to low nutrient concentrations (significant light conditions and nutrient interactive effect, Table 1).


[image: Figure 2]
FIGURE 2. Total pigment content [μg Pigments per mg carbon; (A)] and proportions of specific chlorophylls (B–D), as well as chlorophyll decomposition products [Chlorophyll decomposition prod., (E)] and xanthophylls (F). Communities were either cultivated under variable (triangles, dashed line) or constant (circles, solid line) light conditions. Mean values are shown for high (orange symbols and lines) and low (gray symbols and lines) nutrient supply and are displayed with ± standard error. Pigment proportions in more detail are shown in Supplementary Figure 5.


Biomass was significantly higher at higher light intensity and with higher nutrient supply (Figure 3A, Table 1). The effect of light conditions was dependent on the light intensity. At low light intensity the constant light condition treatments were higher while at high light intensity the fluctuating light condition treatments obtained higher biomass (indicated by the light intensity and condition interactive effect, Figure 3A and Table 1). The effects of light intensity, light and nutrient conditions in the community differed between the species. In general, Acutodesmus obliquus was the dominant species in all treatments (Figure 3C). While Synechococcus elongatus and Acutodesmus obliquus were present in higher proportions with low nutrient conditions (Figure 3 and Table 1), Stephanodiscus hantzschii and Cryptomonas ovata had higher proportions under high nutrient conditions (Figure 3 and Table 1) and Nannochloropsis limnetica exhibited no effect from the three factors at all (Table 1). Besides the nutrient effect, Stephanodiscus hantzschii was also affected by light intensity, obtaining higher proportions under low light conditions (Figure 3D, Table 1). The proportion of Cryptomonas ovata differed significantly due to light conditions, thus higher proportions were obtained under constant light conditions (Figure 3E, Table 1).


[image: Figure 3]
FIGURE 3. Total biomass [mg carbon per liter; (A)] and proportions of specific species in the community after six or eight days of interspecific competition and acclimation to light and P conditions. The genus names of Synechococcus elongatus (B), Acutodesmus obliquus (C), Stephanodiscus hantzschii (D), Cryptomonas ovata (E), and Nannochloropsis limnetica (F) are used in the figure titles. Communities were either cultivated under variable (triangles, dashed line) or constant (circles, solid line) light conditions. Mean values are shown for high (orange symbols and lines) and low (gray symbols and lines) nutrient supply and are displayed with ± standard error. Additional barplots of the species proportion are given in Supplementary Figure 4.




DISCUSSION

Photosynthesis as a fast response to light was highly influenced by light intensity and light condition. Although, there was no direct nutrient effect on the quantum yield or the ETR, the significant interaction terms (Table 1) indicated that nutrient supply affected photosynthetic efficiency and activity differently under different light intensities and conditions. This could indicate that under constant light conditions a low supply in nutrients reduces the photosynthetic efficiency and activity compared to fluctuating conditions. In other words, when nutrient supply was low, in addition to a constant light stress the community experienced nutrient stress as well. In this case variability causes light stress relief and resulted in higher short-time photosynthetic rates. This double stress effect is possibly related to the observation that light energy cannot be used for biomass production when nutrients are lacking (Burson et al., 2018). From monocultures, it has been suggested that variability increased maximum photosynthesis and efficiency as photosynthesis was optimized in fluctuating light (Flameling and Kromkamp, 1997; Talmy et al., 2013).

The total pigment content was not affected by the three factors at intermediate time scales (Figure 2A). However, the factors led to different reactions in specific pigment groups. As pigments are affected by both light intensity (Garcia-Mendoza et al., 2002; Dimier et al., 2009) and variability (Flameling and Kromkamp, 1997) their proportions would generally be expected to show large differences between variable and constant light regimes. Beside the factor of irradiance (Johnsen et al., 1994; Goericke and Montoya, 1998; Schlüter et al., 2000; Henriksen, 2002), the pigment composition of phytoplankton can be additionally affected by day length (Sakshaug and Andresen, 1986), diurnal cycle (Tukaj et al., 2003), or nutrient status (Goericke and Montoya, 1998; Henriksen, 2002). The proportion of the main light harvesting component chlorophyll a was neither affected by light intensity nor nutrient supply and was only affected by light condition (variability). While the proportion of chlorophyll a tended to decrease at high light intensity with fluctuating light conditions, the chlorophyll decomposition products increased. This appears to contradict to the photosynthesis results, as chlorophyll decomposition products can be seen as an indicator for light stress. Due to light stress phytoplankton decrease their concentration of chlorophyll a with high light intensities to protect the photosynthetic machinery against oxygen radical formation (Richardson et al., 1983). Possibly, light variability can be considered stress at high light intensities and stress relief at the lower light intensities. Therefore, the light variability can be relief or stress depending on where the range of the variability lies: at an already higher range, variability can cause stress, as they are varying over high light intensities, whereas at a lower range phytoplankton is receiving periods where the light intensity is much lower than the possible optimum. Another mechanism to increase light harvesting or decrease light stress is the regulation of xanthophylls. For green algae, an up-regulation of the xanthophyll cycle at high light intensities is a mechanisms to redirect excess light energy away from the photosynthetic reaction centers (Garcia-Mendoza et al., 2002; Lavaud et al., 2007; Dimier et al., 2009). In this experiment, the communities generally produced higher xanthophyll proportions at lower light intensities. Besides possible increased light harvesting, this partly can be explained by the higher proportion of the cyanobacterium in these treatments, rather than changes in the xanthophyll cycle. In the xanthophyll cycle the total concentration of xanthophyll would not change, as e.g., diadinoxanthin would change to diatoxanthin, but the overall quantity remains the same. The nutrient supply affected chlorophyll b and chlorophyll c differently. When nutrients were low, communities did not contain chlorophyll c, but more chlorophyll b, suggesting that under low nutrient supply the chlorophyll b containing green algae had a competitive advantage as opposed to the chlorophyll c containing diatom and cryptophyte. This can be confirmed by considering that the nutrient condition affected mainly the community composition. There the green algae generally dominates and is particularly successful at low nutrient supply. Besides nutrient supply, light intensity differently affected chlorophyll b and c, chlorophyll b was higher at high light while chlorophyll c was higher at low light intensity. Since we investigated communities, it is difficult to differentiate between regulation of chlorophyll a and b due to light or species composition, as both can affect them. Chlorophyll c can only be related to species composition, which possibly explains the higher proportion in the lower light, as Stephanodiscus hantzschii has a higher proportion in the lower compared to the higher light intensity.

In the slow response of community biomass and composition, we suggest here that phytoplankton communities consisting of different taxonomical groups and associated with different physiological traits were able to compensate for light variability by adjusting their light harvesting mechanisms on the intermediate temporal scale. Communities exposed to constant and fluctuating light conditions behaved predominantly similar in several measures. This was especially prominent for the more slowly changing overall biomass and community composition. There mainly nutrient conditions, and rarely light intensity (for biomass and proportion of the diatom) or condition (only proportion of the cryptophyte) had a large impact, contrastingly to the fast reacting process of photosynthesis. We assume that the effects of variability were compensated by different traits of specific taxonomic groups and species, testing monocultures in addition to the community could strengthen this assumption. For example, significantly distinct light requirements can be found in different algal classes (Gibson and Foy, 1982; Richardson et al., 1983; Kana and Glibert, 1987; Huisman and Weissing, 1995; Gervais, 1997; Flameling and Kromkamp, 1998; Litchman, 2000; Schwaderer et al., 2011; Wacker et al., 2015). Different taxonomic groups differ in their antenna organization and pigment composition, which leads to differences in light utilization efficiencies (Kunath et al., 2012). Yet, neither light intensity nor condition strongly affected the community composition in our current experiment. Only Stephanodiscus hantzschii and Cryptomonas ovata decreased in their proportion due to light intensity and condition, respectively. Here, light fluctuated in shorter intervals of 3 h low light, 6 h high light, and 3 h low light followed by 12 h darkness. Larger interval lengths of several days have been shown to positively influence stable co-existence (Litchman and Klausmeier, 2001) and species diversity of a phytoplankton community (Flöder et al., 2002; Litchman et al., 2015). However, even shorter intervals (20 min) have been shown to allow stable coexistence and even showed that light acquisition traits can be changed, indicating high plasticity of cyanobacteria (Guislain et al., 2019). However, interval length as well as the average irradiance has been shown to influence growth (Litchman, 2000), partially because algae show a high degree of acclimation to light (Dimier et al., 2009). With respect to the overall biomass, this was also valid here, since biomass increased with higher light intensity and was additionally positively affected by light variability. At the lower mean light intensity the biomass of the communities experiencing variability decreased compared to ones grown in constant light, which can be due to light varying over an irradiance range of limiting to saturating light intensities (Litchman, 2000) and a general lower growth efficiency caused by light variation (Köhler et al., 2018). On one hand, fluctuating over a higher mean light intensity could be advantageous for the algae, while being temporarily relieved from the inhibiting light intensity they were able to recover from light stress, which would explain the increase in biomass due to fluctuations. On the other hand varying over lower light intensities can have caused some species to be below their light compensation point (Gervais, 1997; Litchman, 2000), resulting the light period effectively available for growth to be shortened. Therefore, the requirements of single species matter, which influence nutrient and light competitive abilities of communities (Huisman and Weissing, 1995).

In our experiment, the interplay between nutrient supply and light as a resource was additionally dependent on the light condition, i.e., if constant or fluctuating. As phytoplankton communities are subjected to temporal light variations ranging from seconds to hours or days that are overlaid on the diurnal cycle of light (Steele, 1985; Grobbelaar, 1989) the interplay of these factors is of high importance at all temporal scales. In surface mixed layers, the light environment of phytoplankton is modified and the cells may be rapidly moved across a large light gradient from very high intensities to darkness (MacIntyre et al., 2000; Dimier et al., 2009; Köhler et al., 2018). These rapid changes modify photosynthesis of the community, but over several days, pigment and biomass production could remain at an intermediate level, especially because different species are complementary in their light use. Thus, the effect of light variability could be seen in two different ways: (1) Communities do have the capability of compensating and therefore maintain similar values in species composition (except for the cryptophyte) and biomass to the constant counterpart and (2) variability is possibly even needed to sustain diverse communities due to niche partitioning.

Changes in light variability, light intensity, and nutrients are expected to become more and more important as lakes are affected by climate change. Climate change effects such as increasing mean temperature leads to a phenological shift (Stine et al., 2009) and results in changed mixing regimes and periods (Wagner et al., 2013; Selmeczy et al., 2019). In addition to these indirect effects on light and nutrient conditions, shifts in precipitation and more extreme weather events causes direct changes in light and nutrient regimes (IBG ed., Vincent, 2009). Many studies have shown effects of one or two factors influencing single species (Gibson and Foy, 1982; Dimier et al., 2009) or communities (Marra, 1978; Köhler et al., 2018) while investigating either photosynthesis (Flameling and Kromkamp, 1997; Garcia-Mendoza et al., 2002), growth (Litchman, 2000; Burson et al., 2018), or diversity (Flöder et al., 2002). Our approach demonstrates that better knowledge on the effects of variability and intensity of light coupled with nutrient supply is important to understand the effect on community physiology, biomass, and composition.
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